Field observations and results from previous laboratory studies on the effects of turbulence on dinoflagellates have led to a paradigm in phytoplankton ecology that dinoflagellate growth is negatively affected by turbulence. To test the paradigm, 10 species of autotrophic dinoflagellates were exposed to quantified three-dimensional turbulence generated by vertically oscillating cylindrical rods in 20-L rectangular culture tanks. Turbulence was quantified in the tanks (as the turbulent energy dissipation rate, ε ) using an acoustic Doppler velocimeter. Dinoflagellates were exposed to two turbulence treatments: high turbulence ( ε ‫ف‬ 10 Ϫ 4 m 2 ؒ s Ϫ 3 ), low turbulence ( ε ‫ف‬ 10 Ϫ 8 m 2 ؒ s Ϫ 3 ), and an unstirred control. In accord with the paradigm, Ceratium fusus (Ehrenberg) Dujardin had lower net growth rates in high turbulence, whereas Pyrocystis noctiluca Murray ex Haeckel and Ceratium tripos (O. F. Müller) Nitzsch did not increase their numbers in high turbulence. However, Alexandrium tamarense (Lebour) Balech, Pyrocystis fusiformis Wyville-Thomson ex Murray, Alexandrium catenella (Whedon and Kofoid) Balech, and a Gyrodinium sp. Kofoid and Swezy were apparently unaffected by turbulence and had the same net growth rates across all turbulence treatments. Contradicting the paradigm, Lingulodinium polyedrum (Stein) Dodge ( ϭ Gonyaulax polyedra ), Gymnodinium catenatum Graham, and Alexandrium fundyense Balech had increased net growth rates in high turbulence treatments. Cross-sectional area (CSA) varied little across turbulence treatments for 8 of 10 dinoflagellate species tested, CSA in C. fusus increased when net growth rate decreased in high turbulence, and, conversely, CSA decreased in L. polyedrum when net growth rate increased in high turbulence.
Turbulence is a ubiquitous feature of coastal and open ocean ecosystems. It is manifested as random velocity fluctuations in fluid flow and is commonly generated by winds, tidal currents, and breaking waves. Oceanic turbulence values have a broad dynamic range of over eight orders of magnitude ( ‫ف‬ 10 Ϫ 2 to 10 Ϫ 10 m 2 ؒ s Ϫ 3 , measured as ε , the turbulent energy dissipation rate).
The largest values of ε come from the turbulence generated by breaking waves ( ‫ف‬ 10 Ϫ 3 to 10 Ϫ 6 m 2 ؒ s Ϫ 3 ) and strong wind and tidal mixing ( ‫ف‬ 10 Ϫ 5 to 10 Ϫ 8 m 2 ؒ s Ϫ 3 ).
The smallest values ( Ͻ 10 Ϫ 9 m 2 ؒ s Ϫ 3 ) come from turbulence measurements in the stratified interior of the oceans (Gargett 1989 , MacKenzie and Leggett 1993 , Johnson et al. 1994 , Terray et al. 1996 . The kinetic energy of turbulence is input at large scales (meter) and cascaded to small scales (millimeter), where the viscosity of water smoothes out velocity fluctuations and dissipates the turbulent energy as heat (Kolmogorov 1941) . Because the theoretically smallest scales of turbulent "eddies" are on the order of a few millimeters, most phytoplankton experience turbulence as a laminar shear or uniform straining force that continually changes in magnitude and direction (Lazier and Mann 1989, Thomas and Gibson 1990a) .
Phytoplankton in the ocean are continually subjected to the shear and straining forces created by smallscale turbulence. These forces may have both positive and negative effects on their cell physiology. Smallscale turbulence has been hypothesized to be beneficial to phytoplankton by increasing the diffusion rate of nutrients to the cell surface (Lazier and Mann 1989, Kiørboe 1993 ). This effect was thought to be significant only for larger phytoplankton ( Ͼ 100 m), but Karp-Boss et al. (1996) proposed that it may be important to even smaller cells ( Ͻ 60 m). The negative effects of small-scale turbulence on phytoplankton are thought to occur through a variety of mechanisms, including mechanical damage, behavioral alteration (KarpBoss et al. 2000) , and physiological impairment (for review, see Estrada and Berdalet 1997 , Smayda 1997 , Thomas et al. 1997 .
To date there is only a small body of literature on the direct effects of small-scale turbulence on dinoflagellates. Many early investigators observed that turbulence caused by the agitation and bubbling of dinoflagellate cultures tended to inhibit growth (Tuttle and Loeblich 1975, Galleron 1976) . Other investigators used orbital shakers or shaker tables to generate turbulence. For example, White (1976) found that when Alexandrium tamarense ( ϭ Gonyaulax excavata ) was grown on an orbital shaker at 125 rpm, cell death and disintegration occurred. Pollingher and Zemel (1981) reported that 2 h of turbulence generated by a shaker table during mitosis could suppress division and induce mortality in the freshwater dinoflagellate Peridinium cinctum f. westii (Lemm.) Lefèvre. Berdalet (1992) reported that when the non-thecate dinoflagellate Gymnodinium nelsonii Martin was incubated on an orbital shaker at 100 rpm, cell division ceased, but cell volume and nucleic acid con-centrations increased. Berdalet and Estrada (1993) reported that cell division was inhibited in the dinoflagellates Prorocentrum micans Ehrenburg, Prorocentrum triestinum Schiller, and Scrippsiella trochoidea (Stein) Loeblich III when they were placed on an orbital shaker set at approximately 120 rpm. Unfortunately, in these orbital shaker or shaker table experiments, turbulence was not quantified. Thomas et al. (1997) estimated that the turbulence dissipation rates produced by orbital shakers in these experiments were at least 10 Ϫ 2 m 2 ؒ s Ϫ 3 , several orders of magnitude higher than most measurements of natural oceanic turbulence. Recently, Zirbel et al. (2000) estimated the turbulence dissipation for cultures on a shaker table using digital particle imaging velociometry with culture flasks shaken at 45, 75, and 120 strokes per minute. The dinoflagellate Lingulodinium polyedrum ( ϭ Gonyaulax polyedra ) was used to bioassay the estimated turbulence intensity. They reported that these shaking rates produced the equivalent of turbulence dissipation rates of 10 Ϫ 2 to 10 Ϫ 4 m 2 ؒ s Ϫ 3 and suggested there was good agreement between their shaker table results with L. polyedrum and those from the Couette flow experiments by others (see below).
Some investigators have used Couette flow (Couette 1890) to examine the effects of constant or periodically applied quantified shear on dinoflagellates. Couette flow occurs in a gap ( ‫ف‬ 5 mm wide) between concentric cylinders. The outer cylinder rotates producing a nearly constant laminar flow with quantifiable shear. With this apparatus, Thomas and Gibson (1990a,b) and Thomas et al. (1995) reported total inhibition of cell division and an increase in cell size in the dinoflagellate L. polyedrum when it was subjected to continuous shear rates greater than 4.4 rad ؒ s Ϫ 1 (equivalent to an ε of ‫ف‬ 2 ϫ 10 Ϫ 5 m 2 ؒ s Ϫ 3 ). Later, Thomas and Gibson (1992) and Tynan (1993) reported that the dinoflagellates Gymnodinium sanguineum Hirasaka and Prorocentrum micans had lower and higher thresholds, respectively, for shear-reduced division rate than L. polyedrum , results suggesting interspecies differences in response to smallscale turbulence. Chen et al. (1998) used Couette flow in both the laminar and turbulent flow regimes and found that although laminar shear had little effect on the net growth rate of Alexandrium minutum Halim, higher rates of shear generated in turbulent flows did inhibit cell division. Juhl et al. (2000 Juhl et al. ( , 2001 described factors that modified the effects of laminar Couette flow and shaking on dinoflagellate cultures: these included the time in the day-night cycle the turbulence was applied, the growth stage of the cultures, the amount of scalar photon irradiance, and other factors. Although the constant laminar shear produced in Couette flow studies can be related to the mean dissipation rate in turbulent vortices, the lack of spatial patchiness and temporal intermittence characteristic of small-scale turbulent shear in the ocean makes extrapolating Couette flow-based results to field situations difficult (Kamykowski 1995) .
The purpose of this investigation was to reexamine how small-scale turbulence affects autotrophic dinoflagellates. This study differs from past research in three important ways. First, we exposed dinoflagellates to three-dimensional turbulence fields that incorporated both spatial and temporal intermittence while at the same time quantifying the turbulence exposure in hydrodynamic terms. Second, as in the most recent research (for review, see Juhl et al. 2000 Juhl et al. , 2001 , we used intensities of turbulence that were within the range of those experienced by natural populations. Third, we examined a broad taxonomic range of dinoflagellate species with different sizes and morphologies to determine the generality of the responses.
materials and methods
Organisms. Cultures were obtained from both the ProvasoliGuillard Center for Culture of Marine Phytoplankton (West Boothbay Harbor, ME, USA) and isolations from natural populations (Table 1) arense was used in the two duplicate experiments for that species and different clones of C. tripos (isolated from the same population on George's Bank, USA) were used in three replicate experiments for that species. Nonaxenic stock cultures were maintained in sterile-filtered seawater (Gelman 0.2 m maxicapsule filter, Gelman Sciences, Ann Arbor, MI) with nutrients at f/2 levels (Guillard 1975 ) but with L-1 trace metals (Guillard and Hargraves 1993) replacing the original f/2 trace metal formulation (Guillard and Ryther 1962) . Stock cultures were grown and experiments were run in light and temperature controlled incubators at 20Њ C and a 12:12-h light: dark cycle at a scalar photon irradiance of approximately 200 mol photonsؒm Ϫ2 ؒs Ϫ1 (cool-white fluorescent light). In situ irradiance was measured using a Biospherical Instruments (San Diego, CA, USA) QSL-100 scalar photon irradiance meter. Turbulence chambers. Experiments were conducted at three turbulence intensities: high turbulence (ε ‫ف‬ 10 Ϫ4 m 2 ؒs Ϫ3 ), low turbulence (ε ‫ف‬ 10 Ϫ8 m 2 ؒs Ϫ3 ), and a nonturbulent (unstirred) control. The rectangular turbulence chambers (Fig. 1) were polycarbonate tanks with an internal length, width, and height measuring 24 ϫ 10 ϫ 100 cm and were filled with seawater to a height of 80 cm ‫02ف(‬ L). Turbulence in each water column was generated by vertically oscillating a pair of 2.5-cm diameter rods. The rods were 18 cm in length, and the distance between each rod was 36 cm. The stroke length of the rods in each tank was approximately 28 cm. As the rods moved through the water, they shed turbulent vortices that interacted and decayed. Changing the vertical velocity of the rods provided different intensities of small-scale turbulence. The turbulence intensity in each tank was quantified using a Sontek (San Diego, CA, USA) acoustic Doppler velocimeter (ADV). The ADV is a remote sensing threedimensional velocity sensor that has the resolution and response needed for turbulence measurements (Lohrmann et al. 1995) . The ADV determines velocity in three components, two horizontal vectors separated by 90 degrees (u and v) , and a vertical component (w). The ADV has a sampling rate of 25 Hz and a sampling volume of approximately 1 cm 3 . A tank was constructed for turbulence calibrations that had the same dimensions as the experimental tanks but also had five ports in the front face of the tank. The port locations were centered at heights of 4, 20, 40, 60, and 76 cm above the bottom of the 80-cm height water column. This allowed the ADV to be placed flush against the inside wall of the tank in any one of the port locations for in-water measurements. In this orientation, the ADV measurement plane was parallel to the motion of the oscillating rods. The sampling volume of the ADV was near the centerline of the tank. Before turbulence measurements, the seawater in the tank was seeded with sound scattering particles to ensure a high signal-to-noise ratio. Velocity measurements (30 min in duration) were collected from within the tank at each port location for each oscillating bar speed (Fig. 2 ). Turbulent energy dissipation was estimated using two different methods. Method 1 used the dimensional approximation: ε approximately uЈ 3 /L, where uЈ is the root mean square of the variation in the velocity time series and L is the integral length scale (Tennekes and Lumley 1972) . The integral length scale is equivalent to the size scale of largest turbulent eddy and was set to the diameter of the stirring rod. Method 2 estimated the turbulence dissipation rate by using the methods of Terray et al. (1996) . Briefly, ε was calculated from an examination of the ADV velocities in the inertial subrange of the frequency spectrum using the formula (1) where C is a constant (1.9 or 2.9 depending on the orientation of the flow to the measurement plane), U is the mean velocity, and
] is the portion of the frequency spectra that exhibits a Ϫ5/3 slope. The two methods where used to determine ε spatially throughout the tank and yielded similar results (Table 2) .
Turbulence experiments. The three turbulence treatments described above were used in each experiment with each dinoflagellate species, and all experiments were duplicated at different times with chamber assignment and species rotated between replicates to avoid pseudo-replication. The turbulence tanks were filled with the same culture medium as stock cultures and kept at the same environmental conditions. The fluorescent lights spanned the entire length of each tank. Inoculation of the three tanks with dinoflagellates was from a single exponential growth phase stock culture. The volume of inoculate was adjusted to give each tank an initial cell concentration of 10 to 50 cellsؒmL Ϫ1 (depending on the species). After inoculation all tanks remained unmixed for 1 day. After this acclimation period, turbulent mixing began and remained continuous for the duration of the experiments (1-2 weeks). Dinoflagellates were dispersed throughout the tanks during mixing and were not found to accumulate in corners or bottoms of the experimental tanks. Cell concentrations were determined through periodic sampling (approximately every other day) near the midpoint of the light period. Each control tank was gently mixed before sampling to ensure an even distribution of cells. This short period (30 s) of gentle mixing before sampling did not significantly affect division rate (Sullivan, unpublished data). In the tanks that were already undergoing turbulent mixing, the motor was turned off while the tank was sampled. Replicate 10-mL samples were taken from each tank with sterile pipettes, preserved with 5% acid-Lugols solution, and later enumerated using a Zeiss microscope (model WL ProSciTech, Kiwun, Australia) and Sedgwick-Rafter counting chambers. Net growth rate was calculated from the slope of a least-squares fit to the regression line of the log of dinoflagellate cell numbers against time (Guillard 1973) . The 95% confidence interval of each slope was also calculated. Tests of significance (independent samples t-tests) between turbulence treatments and the controls were at the ␣ ϭ 0.05 level.
Samples to examine dinoflagellate cross-sectional area (CSA) were taken at the end of each experiment when sufficient numbers of organisms could be removed from the tanks to ensure robust numbers of organisms for measurement. Dinoflagellate CSA was quantified via image analysis of digitized images using the program NIH Image (National Institutes of Health, Bethesda, MD, USA).
results An example of the three different responses of net growth rate and CSA to turbulence intensity is presented Figure 3 , and the results for each dinoflagellate species are grouped according to their similar responses in net growth rate.
Dinoflagellates with net growth rate unaffected by turbulence. The net growth rates and CSAs of four species, A. catenella, A. tamarense, Gyrodinium sp., and P. fusiformis, showed little to no change across turbulence treatments (Table 3 ). In the first experiment with A. catenella, net growth rate significantly decreased ‫)%51ف(‬ in the high turbulence treatment but was not significantly different in the low turbulence treatment compared with the control. However, in the second experiment, net growth rate was not significantly different from the control in either the high or low turbulence treatments. Net growth rates in P. fusiformis, Gyrodinium sp., and two different clones of A. tamarense were not significantly different from the controls in either the high or low turbulence treatments. CSAs in these dinoflagellates species were similar across all treatments.
Dinoflagellates with net growth rates negatively affected by turbulence. High turbulence slowed or completely inhibited the growth rate of C. fusus, C. tripos, and P. noctiluca (Table 4 ). The net growth rate of C. fusus decreased approximately 25% to 50% in high turbulence treatments, but in low turbulence treatments it was not significantly different from the controls. The CSA of C. fusus was largest in the high turbulence treatments relative to the controls (Table 4) .
Both clones of C. tripos continually produced vegetative cells and gametes during experiments so determination of the true vegetative net growth rate was uncertain. In high turbulence treatments, mortality rate was high as total cell numbers rapidly decreased in both clones of C. tripos. However, cell numbers did increase in the low turbulence and control treatments and "net growth rates" were similar. The CSA of C. tripos was measured in experiment 3, and similar cell sizes were seen in all turbulence treatments (Table 4) .
In duplicate experiments with P. noctiluca net growth rate was less than zero in high turbulence treatments (mortality exceeded division), but again net growth rate was not significantly different from the control in the low turbulence treatments. In experiment 1, CSA was reduced in high turbulence treatments (Table 4) . However, the smaller mean CSA found in experiment 1 in high turbulence was an artifact, coming from the inclusion of shriveled decaying cells in the CSA mea- The high turbulence tank had a motor rpm of 12 and the low turbulence tank had a motor rpm of 1. The ε values for each tank position are from two different calculation methods (see text). Net growth rate is divisionsؒday Ϫ1 (Ϯ95% confidence interval). Cell size is cross-sectional area (m 2 ) and is the mean of the population (Ϯ1 SD). a Net growth rate statistically different from the control at the ␣ ϭ 0.05 level.
surements. In experiment 2 these apparently dead cells were not included in the CSA measurements, and the resulting mean CSA of normal vegetative morphology P. noctiluca cells remained similar across all treatments.
Dinoflagellates with net growth rate positively affected by turbulence. The net growth rates of A. fundyense, G. catenatum, and L. polyedrum increased in high turbulence compared with the controls (Table 5 ). In duplicate experiments with A. fundyense net growth rate was significantly higher ‫)%03ف(‬ in high turbulence treatments over that of the controls but was not significantly different from the controls in low turbulence treatments. The CSA of A. fundyense cells was similar across all treatments (Table 5) .
In duplicate experiments with G. catenatum net growth rate was higher ‫)%04-%03ف(‬ in high turbulence treatments over that of the controls and was not significantly different from the controls in low turbulence treatments. However, the increase in net growth rate in high turbulence was only statistically significant in the second experiment. In the first experiment, high variance in replicate cell number estimations led to calculated division rates with large confidence intervals. The high variance in the replicate cell counts was due to the chainforming habit of G. catenatum, which caused aggregated cell distributions in some counting chambers. This problem was compounded by the low initial cell concentrations used in the first experiment. The CSA of G. catenatum cells was similar across all treatments in both experiments.
In duplicate experiments with L. polyedrum net growth rate was significantly higher ‫)%04-%03ف(‬ in high turbulence treatments relative to the controls but was not significantly different from the controls in low turbulence treatments. The CSA of L. polyedrum cells decreased approximately 30% in the high turbulence treatments and approximately 10% in low turbulence treatments. discussion In pelagic phytoplankton communities it is commonly observed that diatoms tend to dominate in wellmixed turbulent regimes and that dinoflagellates dominate in more quiescent stratified regimes (Kilham and Kilham 1980 , Smayda 1980 , Kiørboe 1993 ). There are also numerous observations and anecdotes reporting that "red tides" and harmful algal blooms (HABs) are preceded by prolonged periods of calm weather or rainfall (Ryther 1955 , Prakash et al. 1971 , Wyatt 1975 ). These observations led to speculation that the transition from turbulent intensely mixed waters to calm stratified seas, spatially or seasonally, was an important factor governing species succession (sensu Smayda 1980) and dinoflagellate bloom formation (Margalef 1967 , 1978 , 1997a , Smayda 1980 .
In the ocean, turbulence affects phytoplankton on both large and small scales, and one should consider its effects categorized by scale when modeling the importance of turbulence in the regulation of phytoplankton population dynamics. Large-scale turbulent processes, such as advection and dispersion, as well as random eddy motions on the scale of meters to kilometers, may move populations and change light, temperature, and nutrient experiences of entire populations. Large-scale eddies act as modifiers of the primary factors (i.e. light, temperature, nutrients) that affect individual physiology and population growth. In contrast, small-scale turbulent forces on the scale of millimeters (shear and strain) act directly on individuals. In the laboratory it is possible to separate the effects of turbulence at various scales and to focus on the effects of small-scale turbulence.
Previous laboratory studies have advocated the view that small-scale turbulence negatively affects the growth rates of dinoflagellates (White 1976 , Pollingher and Zemel 1981 , Berdalet 1992 , Berdalet and Estrada 1993 , Thomas and Gibson 1990a ,b, 1992 , Tynan 1993 , Estrada and Berdalet 1997 , Chen et al. 1998 , Juhl et al. 2000 , 2001 . These studies support a paradigm in phytoplankton ecology that is often invoked to explain how small-scale turbulence may suppress HABs, as well as alter dinoflagellate population dynamics, or diminish dinoflagellate growth rates in culture. Although this paradigm may have some general validity, it reinforces a view that presupposes the responses of all dinoflagellates but is based on results from relatively few species. Further, the paradigm draws on studies that were not specifically designed to mimic the intermittency, the three-dimensional nature, the intensities, and other features of natural turbulence. There are several thousands of species of dinoflagellates composing a richly diverse and complex group of organisms that have evolved over many millions of years (Taylor 1987 , Loeblich 1984 . We might expect that natural selection has produced some members of the group that are not only unaffected but can even take advantage of the ubiquitous environmental presence of turbulence.
Phytoplankton live at sub-millimeter length scales where the effects of water viscosity are strong relative to inertial effects. The turbulence intensities we measure in their environment are an average over some time period of a constantly varying range of small-scale forces (shear and strain). Recreating oceanic turbulence fields in the laboratory is not a realistic goal. The larger temporal and spatial scales involved cannot be produced in small laboratory enclosures, and the forcing from nature is too complex to emulate. However, it is possible to create laboratory turbulence fields that share some of the more common characteristics of real oceanic turbulence at the appropriate scale. In this study, tank microcosms were used where turbulent eddies could interact and decay in a random nature. From the perspective of a dinoflagellate, the resulting small-scale turbulence forces were temporarily and spatially intermittent and varied over a range of intensities, much as they would in the ocean.
The intensity of turbulence chosen for the low turbulence treatment (ε ‫ف‬ 10 Ϫ8 m 2 ؒs Ϫ3 ) is the equivalent Net growth rate is divisionsؒday Ϫ1 (Ϯ95% confidence intervals). Cell size is cross-sectional area (m 2 ) and is the mean of the population (Ϯ1 SD). Growth rates that are less than zero represent mortality exceeding division. a Net growth rate statistically different from the control at the ␣ ϭ 0.05 level. b Net growth rate is for the total increase in cell numbers (including probable gametes).
to values found in stratified oceans and in the presence of weak near-surface wind mixing (Gargett 1989) . Natural populations of dinoflagellates would commonly experience this low intensity of turbulence. One might expect a priori that the low turbulence treatment would have little or no negative effect on dinoflagellate growth. If it did, these dinoflagellates would have difficulty persisting in nature. In these experiments, the low turbulence treatment had no significant effect on net growth rate for any of the ten species (12 clones) of dinoflagellates we investigated. The intensity of turbulence chosen for the high treatment (ε ‫ف‬ 10 Ϫ4 m 2 ؒs Ϫ3 ) is the equivalent of turbulence found in the near-surface ocean during intense wind mixing and represents what natural populations in the mixed layer might experience during strong, sustained storms (Gargett 1989) . In these high turbulence treatments only three dinoflagellate species exhibited negative growth rate responses, and the remaining seven species were either not affected or had an enhanced net growth rate. Thus, our results are counter to previous reports that high turbulence intensities are always detrimental to the growth rate of dinoflagellates. Certainly, the growth rate of some species of dinoflagellates is negatively affected by high intensities of turbulence, but this response may not be common to the group as a whole.
In this study, C. fusus exhibited an increase in CSA when its net growth rate was reduced by high turbulence. Conversely, L. polyedrum exhibited a decrease in CSA when its net growth rate was enhanced by high turbulence. It has been suggested that the inhibition of division by turbulence might be due to a disruption of the cytoskeleton components needed for division (Pollingher and Zemel 1981, Berdalet 1992) . Alternatively, because our results have shown that turbulence can produce both a decrease in net growth rate (with an increase in cell size) and an increase in net growth rate (with a decrease in cell size), one of the mechanisms for turbulence-mediated growth effects might be an interference with the control mechanisms of the cell cycle. Cell cycle clocks have been reported to control both the rate of cell division and the maximum cell size attained before division takes place (Alberts et al. 1989) .
The group of autotrophic dinoflagellates examined in this study were chosen for their morphological and physiological diversity. However, two of the species were also chosen so we might compare our results with those of investigators who generated turbulence forces with different apparatus. In our experiments, the net growth rates of two different clones of A. tamarense were unaffected by what would correspond to high intensities of oceanic turbulence. In contrast, White (1976) reported that cell division in a clone of A. tamarense was completely inhibited when incubated on an orbital shaker at 125 rpm. Thomas et al. (1997) calculated that an orbital shaker at these high rpms would produce much higher intensities of turbulence than we have used here. But Zirbel et al. (2000) suggested that depending on the nature of the shaker table, the flasks, and the amount of medium in the flasks, a shaker table at this rpm might represent the same dissipation rate as was present in our high turbulence treatment. Lingulodinium polyedrum was used in numerous Couette flow studies where the constant or periodically applied shear reduced or prevented cell division (Thomas and Gibson 1990b , Juhl et al. 2000 , 2001 ). When they extrapolated their results to the ocean, these investigators Net growth rate is divisionsؒday Ϫ1 (Ϯ95% confidence intervals). Cell size is cross-sectional area (m 2 ) and is the mean of the population (Ϯ1 SD). a Net growth rate statistically different from the control at the ␣ ϭ 0.05 level.
speculated that net growth rates in L. polyedrum should be strongly reduced or completely inhibited at turbulence dissipation rates of approximately 10 Ϫ5 m 2 ؒs Ϫ3 . More recently, Zirbel et al. (2000) reported that in flasks on a shaker table, a shear stress was generated comparable with ε approximately 10 Ϫ4 to 10 Ϫ5 m 2 ؒs Ϫ3 . Within this estimated range, the net population size of L. polyedrum decreased when their cultures were grown on a 12:12-h light:dark cycle illuminated with 10 6 wattsؒm 2 [sic]. In our apparatus, also on a 12:12-h light:dark cycle, we found that the net growth rate of L. polyedrum was enhanced by turbulence intensities that were possibly similar or an order of magnitude higher ‫01ف(‬ Ϫ4 m 2 ؒs Ϫ3 ). How might we reconcile these different results? Although authors do not always clearly identify the clones they used, it appears that different clones of A. tamarense and L. polyedrum were used in the previous experiments. It is possible that where different results are reported for the same species, the results might only be demonstrating the difference in the response to smallscale turbulence that might occur within the clones of a single morphological species. Different clones of the same morphological species of algae have been shown to have different physiological characteristics (Brand 1989) . However, the most notable differences in physiological clones usually come with species that are found over a broad geographical or seasonal range and apparently have adapted to the wide range of temperature, salinity, or nutrient concentrations (for example), occurring in different parts of their geographical or seasonal range (Brand 1989 ). In such cases, the clones from warmer regions may show better growth at warmer temperatures than clones from colder regions, and vise versa Ryther 1962, Brand 1989 ). However, because turbulence is ubiquitous in the ocean, we speculate that clones isolated from different regions may show rather similar physiological reactions to turbulence and that at least some of the differences we observed between the cultures we tested do exist at the species level. Further, both pairs of clones of two species examined in this study (A. tamarense and C. tripos) had similar responses to small-scale turbulence, suggesting little clonal variability might exist in this characteristic. Thus, it seems more likely that the difference in the results where the same species have been investigated in shakers or Couette flow may be related to the culture and test conditions ( Juhl et al. 2000 ( Juhl et al. , 2001 or the method under which turbulence was generated in each experiment and not to differences in the algal clones.
It is likely that the turbulence dissipation values in our tanks were somewhat higher or lower in some parts of the tank than what we measured. The turbulent shear directly above the interior surface of the walls and in the very corners of the tanks would be low (an obvious condition for any laboratory turbulence chamber with walls). However, dinoflagellates were not found to accumulate in these areas during experiments and thus should have been exposed to the mean turbulence conditions during most periods. The shear generated along the very surfaces of the moving stir rods would be high. In our experiments with L. polyedrum, bioluminescence stimulation was noted around the stir rods as they moved through the water. Latz et al. (1994) reported that the minimum shear stress required to elicit bioluminescence from L. polyedrum was approximately 100 radsؒs Ϫ1 (ε ‫ف‬ 10 Ϫ2 m 2 ؒs Ϫ3 ). This suggests there were very large shear values associated with the fluid next to the rods and the free-stream measurements of turbulent velocities we measured with the ADV could not detect this locally strong shear. Our research suggests many dinoflagellates may be able to withstand high natural rates of shear stress or even benefit from them as long as they are intermittent on the scale of seconds, as they are in our tanks and in natural waters at high turbulence intensities. In support of this speculation, Gibson and Thomas (1995) reported only finding negative effects on the division rate of L. polyedrum when using continuous Couette flow for durations greater than 5 to 15 min.
The three species of dinoflagellates that exhibited a negative growth response to small-scale turbulence in these experiments (C. fusus, C. tripos, and P. noctiluca) had larger than average CSAs (Ͼ200 m in at least one axis). In the ocean, with low nutrient concentrations, larger cells might benefit from moderate turbulence, which would increase rates of nutrient diffusion to the cell surface (Karp-Boss et al. 1996) . That should not have been a factor in these results because nutrient concentrations were high in our experiments. The cause of the negative effects on growth rate is unknown. The three species' large size may put them closer to the dissipation scales and expose them to larger potentially damaging forces than smaller dinoflagellates, but the largest dinoflagellate used in this study, P. fusiformis ‫5.0ف(‬ mm in the long axis), showed a growth response in high turbulence equal to that of the unstirred culture. Two of the species that were negatively affected were from the same genus (Ceratium). This might suggest that some taxa share a common trait, making them susceptible to high turbulence intensities. But the genus Pyrocystis did not show such a relationship. The mortality rate was greater than division rate in P. noctiluca in high turbulence, but the net growth rate of closely related P. fusiformis was not affected by high turbulence. These two species of Pyrocystis have similar maximum growth rates and life cycles and both have bladder-type morphologies (Gran 1912 , Swift and Durbin 1971 . Except when they are reproducing, both species are surrounded by a cellulosic outer wall, which is physically separate from the inner smaller sporopollenin-covered protoplast (Seo and Fritz 2000) . One might speculate that P. noctiluca reproductive bodies (sporopollenincovered autospores) are destroyed by turbulence at the time they are released. Unlike the vegetative cells, these autospores have no protection from a cellulosic outer wall.
The cell mortality found in P. noctiluca at high turbulence intensities may have small ecological signifi-cance because populations of this species (and P. fusiformis) are commonly found at a relatively deep depth (70-100 m) in the thermocline of stratified tropical oceans (Ballek and Swift 1986, Swift et al. 1976 ). Winddriven turbulence decreases rapidly with depth (MacKenzie and Leggett 1993), and it is unlikely that natural populations at these depths in the thermocline would commonly experience the high turbulence intensities used in this experiment.
The three species that had their net growth rate enhanced by high turbulence (A. fundyense, G. catenatum, and L. polyedrum) are all smaller sized dinoflagellates ‫05-52ف(‬ m in diameter). All three have been identified as potential HAB species (Taylor et al. 1995) . If turbulence-induced growth enhancement occurs in nature, one could speculate that the rapid population growth that is hypothesized to lead to some HABs might occur before the commonly reported "calm weather preceding a HAB" and that the lack of turbulent dispersion in calm water conditions may aid in the migration and concentration of these species.
There have been relatively few studies of the effects of small-scale turbulence on dinoflagellates, but there have been even fewer detailed studies with other phytoplankton groups (diatoms, coccolithophorids, cyanobacteria, etc.). However, the results from studies of other taxa seem similar to those reported in this study for dinoflagellates. For example, both enhancement and inhibition of division rate by small-scale turbulence was reported in the cyanobacterium Anabaena cylindrica Lemm. (Fogg and Than-Tun 1960) . Further, small-scale turbulence was reported to have no effect on the division rate of the chlorophyte Dunaliella tertiolecta Butcher, the chrysophyte Isochrysis galbana Parke and the raphidophyte Heterosigma akashiwo Hulbert (ϭOlisthodiscus luteus) (Berdalet and Estrada 1993) . Both enhancement and inhibition of division rate and mortality induced by small-scale turbulence have been reported in some species of diatoms (Gieskes and Elbrächter 1986 , Berdalet and Estrada 1993 , Rines et al. 1997 , Thomas et al. 1997 .
In recent reviews, Smayda (2000) and Smayda and Reynolds (2000) relied less on the Margelef mandela (Margalef 1997a) , which suggests the susceptibility of dinoflagellates to turbulence, in favor of the Reynolds intaglio (Reynolds 1997) . This puts dinoflagellates in a different position in relation to small-scale turbulence. For example, Smayda (2000) wrote "Collectively, dinoflagellates appear capable of surviving fairly high turbulence spectra formed at representative Kolmogorov length scale-wind speed conditions." In our experiments, we have tested some of the dinoflagellate types of Smayda and Reynolds, including their type I Gymnodinoids, type III Ceratiums, type IV frontal zone taxa (A. tamarensis), type V upwelling relaxation taxa (L. polyedrum, G. catenatum) , and type IX tropical shade flora (Pyrocystis spp.).
The similarity we found in some responses to smallscale turbulence may indicate that the differences in response to turbulence may exist for many species primarily in the realm of large-scale turbulence. We might, for example, examine the spring diatom bloom, when dinoflagellates are either at low concentrations or perhaps part of the "hidden flora." Why do diatoms dominate? In the springtime with high winds and deep mixed layers, one would expect diatoms to grow faster than dinoflagellates because 1) their lower compensation intensities, 2) their higher ratios of production to biomass (and respiration), 3) the presence of sufficient silicon and other nutrients from deeper waters, 4) the advantages of large-scale mixing to keeping diatoms suspended in the mixed layer, and 5) their ability to survive long periods in very low light or darkness so they are present as a seed population in the spring or the other factors. These are reasons used to explain seasonal successions from diatoms in springtime turbulent waters to flagellates in less turbulent summertime conditions (Smayda 1980 , Langdon 1988 , Reynolds 1997 . None of these explanations for the dominance of diatoms over dinoflagellates in springtime turbulent waters is dependent on the specific responses of the dinoflagellates or diatoms to small-scale turbulence. Of course, large-scale turbulence and small-scale turbulence are highly correlated, and teasing out the effects of one from the other is probably not possible, except in laboratory experiments.
In conclusion, we propose that the traditional view of small-scale turbulence being beneficial to diatoms and detrimental to dinoflagellates needs to be modified to a view where the effects of small-scale turbulence (positive, negative, or insignificant) are treated much like the effects of light, nutrients, or temperature on different phytoplankton species, a potential physiological factor in the ecology of any species that may be conclusively determined only by a species-specific experiment.
